Background: Prolonged high ischial tuberosities pressure (IT pressure), decreased regional blood flow (BF) and oxygenation (%SO2) are risk factors for developing pressure ulcers (PUs) in patients with spinal cord injury (SCI). Electrical stimulation (ES)-induced gluteal and hamstring muscle activation may improve pressure distribution by changing the shape of the buttocks while sitting and also increase BF and %SO2. Objective: To compare acute effects of ES-induced gluteal and hamstring muscle activation with pressure relief movements (PRMs) on IT pressure, BF and %SO2. Participants and methods: Twelve men with SCI performed PRMs -push-ups, bending forward and leaning sideward -and received surface ES (87±19 mA) to the gluteal and hamstring muscles while sitting in their wheelchair. Ischial tuberosities pressure was measured using a pressure mapping system; (sub)cutaneous BF and %SO2 were measured using reflection spectroscopy and laser Doppler, respectively. Results: Compared with rest (156±26 mm Hg), IT pressure was significantly lower during all other conditions (push-ups 19±44; bending forward 56±33; leaning sideward 44±38; ES 67±45 mm Hg). For the whole group, all PRMs significantly augmented BF ( þ 39 to À96%) and %SO2 ( þ 6.0 to À7.9%-point), whereas ES-induced muscle activation did only for peak BF. In all, 63% of the participants showed an increased BF (average 52%) with ES. Conclusion: PRMs acutely reduced IT pressure and improved oxygenation and BF in SCI. The currently used ES method cannot replace PRMs, but it may be used additionally. ES-induced muscle activation is not as effective for acute pressure relief, but the frequency of stimulation is much higher than the performance of PRMs and can therefore be more effective in the long term.
INTRODUCTION
Pressure ulcers (PUs) are the most prevalent secondary complications in individuals with a spinal cord injury (SCI). Throughout their life, up to 80% of people with an SCI suffer from a PU, 1,2 leading to radical consequences such as decreased mobility and independence, delayed rehabilitation, and exclusion from social activities, 2, 3 and it has a tremendous impact on the individual's physical condition. 3, 4 The consequences also result in high costs for the community. 4, 5 Shifting posture regularly, on average eight times an hour, prevents healthy individuals from developing PUs, as subcutaneous oxygenation increases with each posture adjustment. 5 Preventive measures like pressure relief movements (PRMs) and pressure distributing cushions are passive methods and are not adequate enough, as PUs still occur. Besides, although PRMs such as bending forward, leaning sideward and/or lifting improve blood circulation in compromised tissue, they require good upper-limb strength and generate high pressure on the gleno-humeral joint, possibly resulting in shoulder injuries. 6 In addition, the person must be well motivated to continue lifting eight times every hour. Moreover, tissue properties do not improve.
Recent research showed that electrical stimulation (ES) of the tuber area in individuals with an SCI had a direct positive effect on interface pressure distribution, blood flow (BF) and muscle size. [7] [8] [9] [10] [11] Levine et al. 8, 9 used surface ES in the gluteal muscles of individuals with an SCI and found a changed buttock tissue shape 8 and increased muscle BF. 9 Ferguson et al. 7 stimulated the quadriceps muscles and found a decrease in interface pressure as well. Smit et al. 12 found that ES-induced gluteal and hamstring muscle activation reduces IT pressure and, in a 3-h stimulation period with a 1:4 s on-off duty cycle, does not cause muscle fatigue. Bogie et al. 1 examined the longterm effects of ES, using implanted electrodes in the gluteal muscles to electrically stimulate the muscles. This long-term study found increased gluteal muscle thickness and increased BF, together with a decrease in interface pressure. A more practical intervention was recently introduced in a study by Smit et al., 12 describing the effects of a noninvasive ES method on interface pressure distribution, using electrostimulation-shorts (ES-shorts).
The positive effect of ES on interface pressure as well as the positive effect of shifting posture on oxygenation has been demonstrated 13, 14 However, there is no extensive literature describing the effect of ES on ischial oxygenation, nor has the effect of ES been compared with the effect of PRMs or the relationship between IT pressure and oxygenation and BF been described.
The present study therefore aimed to answer the following questions:
(1) What are the acute effects of ES-induced gluteal and hamstring muscle activation on IT pressure, BF and oxygenation, compared with three pressure relief movements? (2) Is there a relationship between IT (sitting) pressure and oxygenation or BF?
We hypothesized that ES and PRMs would both decrease IT pressure and increase BF and oxygenation (%SO2) and that a negative relationship exists between interface pressure and oxygenation or BF.
MATERIALS AND METHODS Participants
Twelve men with SCI, having a complete or incomplete upper motor neuron lesion (ASIA A or B), aged between 18 and 60 years, were recruited for this study, which was approved by the local medical ethics committee. Gluteal and hamstring muscles, skin under the buttocks and spinal reflexes had to be intact, which were evaluated for all participants by a single physician. Excluded were individuals with a flaccid paralysis and areflexia, a history of severe autonomic dysreflexia, current IT PUs, severe cognitive or communicative disorders, intolerance for ES or any other contraindication for ES. Participants provided written informed consent. Participants' characteristics are described in Tables 1 and 2 .
Study design
This study was performed in a Rehabilitation Research Centre. The process of taking measurements lasted for about 4 h per participant. Each participant used his or her own wheelchair with a daily-use cushion; most of them were aircushions (n ¼ 10; ROHO, Vicair or Starlock); some used gel (n ¼ 2; Jay2), with a force-sensitive array on top. Before taking measurements, a 1.0 Â 1.5 cm 2 probe, 0.1-cm thick, was attached under the left ischial tuberosity with surgical tape while the participant was sitting in his chair and bent over to the right. After attachment of the probe, it was connected to the oxygenation device. Participants were then asked to perform PRMs in a counterbalanced order: bending forward, leaning sideward (to the right side to release the probe) and push-ups, for as long as possible, for a maximum of 2 min (Figure 1 ). Before each measurement the participant had to sit and rest for 5 min. Every measurement started with 30 s of rest to gain a baseline value of interface pressure and oxygenation. Thereafter, after a 30 min rest period, in which self-adhesive surface electrodes, two on each leg, were applied, both gluteal and hamstring muscles were activated by ES. Outcome variables including IT pressure, ischial oxygenation and BF were measured at rest, during all pressure relief conditions and during ES-induced gluteal and hamstring muscle activation.
Interface pressure measurement
Interface pressure distribution was measured using a pressure mapping device (a force-sensitive array, mFlex, Vista Medical Europe, Venlo, the Netherlands): a 2-mm-thick soft flex mat of 42 Â 42 cm 2 consisting of 256 pressure sensors, placed between the cushion on the wheelchair and the buttocks of the participant. Before testing, it was calibrated between 0 and 200 mm Hg according to the systems' calibration protocol.
The participant had to sit in a 'normal position': feet on the footrests, arms on the armrests (if any) or on the participant's lap and the lower back against the backrest of the wheelchair. Before commencement of the protocol, the individual had to sit in his wheelchair on the FSA for 5 min to allow the cushion to adapt to the participant's buttocks. Pressure data were recorded continuously (one per second). Both IT areas were defined as the 3 Â 3 sensors with the highest pressure values. Mean pressure values of both IT areas were used for statistical analysis (see Figure 2 ).
Oxygenation and circulation
Oxygenation data were obtained using an Oxygen To See device (O2C, LEA Medizintechnik GmbH, Giessen, Germany). The rigid O2C probe can measure the oxygen saturation of hemoglobin (%SO 2 ) at the venous end of the capillaries, the quantity of hemoglobin in the micro-blood vessels and the velocity of flow of the blood in the microcirculation using a noninvasive combination of reflection spectroscopy and the laser Doppler technique. According to the manufacturer's manual, O2C reliably measures to a depth of B10 mm. %SO2 is used as an indicative measure for oxygenation in the muscle tissue. 5 As soon as %SO2 reached a constant value, the mean %SO2 and mean BF and peak BF were calculated. To correlate oxygenation and BF with interface pressure data, both measurements were taken simultaneously.
Electrical stimulation
A stimulator (NeuroPro 8 channel, Axiobionics, Ann Arbor, MI, USA) was connected with two surface electrodes per leg positioned at the upper (proximal) part of the gluteal muscle above the sitting area, and one about halfway of the hamstring area, preventing the participant from sitting on electrodes or on the wires while being stimulated (Figure 3) . ES was delivered at standard 150 V, with 50 Hz (bi-phasically) to induce a (visible) tetanic contraction. Before stimulation, the current amplitude resulting in the best pressure reduction was determined for each participant by increasing the amplitude in steps of 5-10 mA to a maximum, without discomfort or excessive muscle contractions disturbing normal sitting. This amplitude was applied with a duty cycle of 1 s stimulation and 4 s rest for 3 min. We did not train the participants with ES.
Statistical analysis
Values were described by mean values±s.d. A repeated-measures analysis of variance (ANOVA) was performed to compare oxygenation, BF and IT pressure between all conditions (rest, PRMs and ES). A post-hoc test was performed when a significant difference was found (ao0.05) to indicate which conditions differed from each other. The relationship between oxygenation and 
Oxygenation
Because of technical problems with the O2C, only the data of nine participants were reliable. Bending forward (P ¼ 0.01), leaning sideward (P ¼ 0.01) and push-ups (P ¼ 0.01) significantly increased mean oxygenation compared with rest, whereas ES did not (P ¼ 0.57). No significant difference was found between the different passive PRMs (Figure 4) . A weak and nonsignificant correlation was found between mean oxygenation change and (mean) IT pressure change for the PRMs, whereas it was strong and significantly correlated for ES (r ¼ 0.7; Table 3 ).
Blood flow
Compared with rest, bending forward (P ¼ 0.02), leaning sideward (P ¼ 0.03) and push-up (P ¼ 0.02) increased the BF significantly. However, ES did not cause a significant change (P ¼ 0.75) in mean BF. There was a significant difference in peak BF for ES (P ¼ 0.007) and for bending forward (P ¼ 0.006) compared with rest (Table 4) . Change in BF was significantly lower with ES than with all PRMs, and a significantly larger increase was found for push-ups compared with leaning sideward, but not when compared with bending forward ( Figure 5 ). A clear correlation was found between BF change and mean interface pressure change for all conditions, although it was only moderate for push-ups and for ES (Table 3) . However, Figure 6 indicates a certain relationship over time for two participants, as the BF increases directly after applying ES while the interface pressure decreases.
DISCUSSION
The present study showed that PRMs induced significant acute reduction in interface pressure and directly improved (sub)cutaneous oxygenation and BF in sitting wheelchair users with SCI. We hypothesized that ES-induced muscle activation would also increase BF and oxygenation; however, this study does not support that hypothesis. The relation between IT pressure and circulation showed that BF is influenced by IT pressure in some participants. ES increased BF and oxygenation in 8 of 12 participants (63%) ( Figure 6) ; however, ES did not change mean BF or oxygenation when analyzed over the whole group ( Figure 5 ). ES and bending forward significantly increased peak BF. course, but this significant difference in peak BF supports the finding in several studies that (prolonged) ES-induced muscle activation induces BF. Muscle activation did reduce IT pressure in eight participants, but the reduction may not have been adequate to increase mean BF and oxygenation. In all the four participants in whom no reduction of IT pressure was found due to muscle activation, more muscle atrophy was seen than in the other eight, possibly causing the different effect on IT pressure reduction due to (less absolute) muscle activation. In future studies, inducing stronger contractions with more current might be necessary, as well as an increasing sthe number of participants, for more statistical power.
Olive et al. 15 reported impaired or altered BF to affected muscles in SCI patients during exercise or ES-induced contractions that may have contributed to increased muscle fatigue. [15] [16] [17] Crespo Ruiz et al. 13 described the physiological training effects: muscles will enlarge and become stronger and circulation will improve. ES-induced muscle activation with tetanic contractions allows mechanically unrestricted BF and may lead to less fatigue as a result of changes in tissue. Therefore, it is interesting not only to induce stronger contractions but also to enlarge the period of applying ES on gluteal and hamstring muscles. In the present study, peak BF is significantly increased by ES-induced muscle activation, and, although acute effects of ESinduced muscle activation may not be as good as those from PRMs, prolonged ES-induced activation and training of the gluteal and hamstring muscles may in contrast induce positive structural changes in muscle tissue, circulation and IT pressure distribution.
Further, ES-induced muscle activation in SCI results in improved cardio-respiratory capacity, such as maximal aerobic power, peak oxygen consumption, forced expiratory flow, and forced vital capacity. 13, 14 This may exert a decisive influence on the capacity to transport oxygen in the areas most affected by disuse resulting from the SCI itself. This is especially important when prolonged treatment is required, for example, in an attempt to prevent PUs. 18 However, further studies are needed to confirm these findings.
There were two study limitations. One concerns the O2C device, which is sensitive to disturbing influences. Although we followed the manufacturer's recommendations and carried out all measurements in the same room, with the same environmental factors, reduced amount of surrounding light and more or less constant temperature, the results can be influenced by the amount of light from the surrounding area and also by the temperature of the room. In three participants data were unreliable as the probe recorded too much surrounding light. The other limitation concerns the interface pressure mapping, which does not provide information about the load at deep tissue. Solis et al. found that superficial ES delivered every 10 min is sufficient to greatly reduce the extent of damage in the deep tissue exposed to constant external pressure. 19, 20 When the external load decreases, the internal load decreases as well, but more insight into the relationship between IT pressure and deep tissue injury is needed to provide information on the validity of external interface pressure measurements.
One of the clinical implications of this study relates to the effects of the different PRMs. Push-ups require good upper-limb strength and generate undesirable high pressure on the gleno-humeral joint, often resulting in shoulder injuries, whereas bending forward is easy to perform and does not place a heavy load on the shoulders. Our results confirm that bending forward and sidewards is as sufficient as a complete push-up for the recovery of the gluteal BF and oxygenation. For clinical (rehabilitation) practice, stronger evidence from the present study now confirms that push-ups should no longer be advised, but rather patients should be advised to bend forward to release IT pressure and improve gluteal BF and oxygenation.
CONCLUSION
Both PRMs and ES-induced muscle activation induced significant acute reductions in interface pressure. PRMs directly improved (sub)cutaneous oxygenation and peak and mean BF significantly, whereas ES-induced contractions increased peak BF and BF and oxygenation in some participants. Bending forward, leaning sidewards and push-ups showed similar increases in IT BF and oxygenation in SCI. The currently used ES method cannot replace PRMs, but it may be used additionally. ES-induced muscle activation is not as effective for acute pressure relief, but the frequency of muscle activation stimulation is much higher than the performance of PRMs and could therefore be more effective in the long term.
DATA ARCHIVING There were no data to deposit.
CONFLICT OF INTEREST
The authors declare no conflict of interest. Figure 6 BF, oxygenation and mean pressure during rest and stimulation of two participants over time. ES started after 30 s of rest. Oxygenation is in %SO2; mean pressure is in mm Hg; and BF is arbitrary and hence no unit is reported here.
